I. A slice preparation was used to study layer III field potentials (FPs) evoked by electrical stimulation of the white matter-layer VI border and their potentiation by patterned stimuli. 2. The dependence of the FP on recording position was investigated. The maximum field was recorded in layer III at a position radial to the site of stimulation.
Because this negative FP reflects an excitatory synaptic current sink, this site was chosen for all subsequent experiments.
3. Under normal recording conditions, components of the layer III FP with latencies >3 ms were completely abolished by kynurenate but unaffected by 2-amino+phosphonovalerate (AP5 ), indicating that this potential reflects the activation of non-NMDA excitatory amino acid receptors.
4. Addition of the y-aminobutyric acid (GABA), receptor antagonist bicuculline methiodide (BMI) broadened the field potential and revealed an APS-sensitive component.
By filling the recording pipette with BMI, it was possible to substantially reduce inhibition locally around the recording site while avoiding stimulus-driven and spontaneous epileptiform activity. 5. Tetanic stimulation elicited a long-term potentiation (LTP) of the FP in 14 of 17 experiments when the BMI-filled pipette method was used.
6. Addition of 100 PM D,L-APS significantly reduced the average probability and magnitude of LTP. Nonetheless, in 2 of 8 experiments, significant LTP was observed after a tetanus in the presence of AP5. Control experiments confirmed that this concentration of AP5 was sufficient to maximally block cortical NMDA receptors.
7. We conclude that LTP of layer III field potentials can be reliably elicited, provided that GABA,-receptor mediated inhibition is blocked locally at the site of recording and that NMDA receptors are recruited during the conditioning stimulation. However, activation of NMDA receptors is apparently not an obligatory step for the induction of use-dependent increases in synaptic strength in the kitten striate cortex.
INTRODUCTION
Accumulated evidence has shown that sensory experience plays an important role in the normal development of binocular vision in mammals. Over the past three decades, studies on the kitten visual cortex, in particular, have been instrumental in elucidating some of the neural substrates of these experience-dependent modifications. However, only very recently has it been possible to address the cellular-molecular mechanisms that underlie visual cortical plasticity. The recent advances reflect, at least in part, the confluence of theoretical ideas about synaptic modification in visual cortex and the discovery of mechanisms that appear wellsuited to implement them.
A case in point is the "Hebb synapse." Hebb ( 1949) proposed that the strength of certain excitatory synapses would increase if the input activity to these synapses consistently correlated with the activity of the postsynaptic neuron. Several theoreticians have expanded on this idea to demonstrate how this type of synaptic modification would lead to the development of appropriate binocular connections in visual cortex, assuming that the patterns of input activity from the two eyes are well correlated when they view the same objects in visual space (see, e.g., Cooper 1973; von der Malsburg 1973) . Subsequent experimental work has lent considerable support for the idea that visual cortical synapses are modified by experience according to "Hebbian" principles (Fregnac et al. 1988; Greuel et al. 1988; Rauschecker and Singer 1979) .
Several recent advances in our understanding of the receptors involved in excitatory synaptic transmission in visual cortex have revealed a possible biophysical basis for the Hebb synapse. It is now understood that the bulk of synaptic excitation in visual cortex is mediated by the excitatory amino acid (EAA) receptors (reviewed by Tsumoto 1990). One type, the NMDA receptor, has the unusual property of gating a Ca2+ -permeable channel in a voltage-dependent fashion (reviewed by Mayer and Westbrook 1987) . Thus the passage of Ca2' through the NMDA receptor-gated channel could specifically signal the conditions for a Hebbian synaptic modification.
This led to the proposal that NMDA receptors mediate experience-dependent increases in synaptic effectiveness in visual cortex (Bear et al. 1987) , as had already been demonstrated in hippocampus (Collingridge et al. 1983; Harris et al. 1984) .
The first attempts to demonstrate a role for NMDA receptors in visual cortical plasticity involved the chronic in vivo administration of the NMDA receptor antagonist 2-amino-5phosphonovaleric acid (AP5; Bear and Colman 1990; Bear et al. 1990; Gu et al. 1989; Kleinschmidt, et al. 1987) . This work showed that blockade of visual cortical NMDA receptors would disrupt both the physiological and anatomic consequences of visual deprivation during the critical period. These results can be interpreted in favor of a role for NMDA receptors in Hebb-type synaptic plasticity (see discussion in Bear et al. 1990 ). However, this interpretation is clouded by the fact that NMDA receptors mediate a significant fraction of the excitatory postsynaptic response to visual stimulation (Fox et al. 1989; Miller et al. 1989) . Thus Miller et al. ( 1989) have suggested that the effects of chronic AP5 on visual cortical plasticity are due to the partial suppression of postsynaptic activity rather than the blockade of a specific plasticity mechanism per se. Al-though arguments have been presented on all sides of this issue (Bear 199 1; Miller 1990) ) it is clear that this will be a difficult question to decide experimentally in the visual cortex, in vivo.
The demonstration of long-term potentiation (LTP) in hippocampus in vitro suggested that it might be possible to study the mechanisms responsible for experience-dependent synaptic strengthening in better isolation with the use of visual cortical slices. Indeed, the early work of Komatsu et al. ( 198 1) indicated that a form of LTP could be elicited in slices of kitten visual cortex by the use of prolonged ( -60 min) periods of conditioning stimulation.
More recently, a number of labs have been able to demonstrate synaptic potentiation in rat visual cortical slices by the use of brief tetanic stimulation (Artola and Singer 1987; Connors and Bear 1988; Kimura et al. 1989; Lee, 1982; Perkins and Teyler 1988) . The general conclusion of these studies is that induction of LTP in rat visual cortex with the use of electrical stimulation is facilitated by the pharmacological blockade of some r-aminobutyric acid (GABA), receptormediated inhibition and requires the activation of cortical NMDA receptors.
However, our own experience has been that the partial blockade of inhibition with bath-applied bicuculline methiodide (BMI) does not ensure induction of LTP in kitten visual cortical slices (Connors and Bear 1988) . We find that the concentrations of BMI required for LTP induction are usually very close to those that promote epileptiform activity in the slice, and that, even under these conditions, the probability of LTP induction in any given attempt is quite low (~50%). The low probability of success under "normal" conditions necessarily tempers one's confidence that the failure to induce LTP in the presence of AP5 is in fact due to the blockade of NMDA receptors. Indeed, the involvement of NMDA receptors in cortical LTP has been challenged very recently by Komatsu et al. ( 199 1) ) who report that AP5 has no effect on LTP induced in slices of kitten visual cortex.
In the present work, we reexamine this issue in slices of kitten visual cortex with the use of a new method that allows us to reliably induce LTP with brief tetanic conditioning stimulation. Our findings suggest that NMDA receptors do participate in the induction of cortical LTP, but that AND CONNORS NMDA receptor activation need not always be an obligatory step. A preliminary account of this work has appeared (Press and Bear 1990).
MATERIALS AND METHODS

Slice preparation
The LTP experiments described in this paper were performed on 25 slices prepared from the striate cortex of 14 kittens between 5 and 10 wk of age. Further control experiments [ for pharmacology and field potential (FP) characterization] were performed on slices prepared from an additional 10 animals in the same age range. Each animal was given an overdose of pentobarbital sodium (-75 mg/kg ip) and was decapitated soon after the disappearance of any cornea1 reflexes. The brain was rapidly removed and immersed in ice-cold dissection buffer containing (in mM) 124 NaCl, 5 KCl, 1.25 NaH,PO,, 2 MgSO,, 2 CaCl,, 26 NaHCO,, 10 dextrose, and 1 kynurenate. A block of the postlatera1 gyrus was removed and sectioned in the coronal plane into 0.4-mm thick slices with the use of a Microslicer (DTK 1000; Ted Pella, Redding, CA). These slices were collected in ice-cold dissection buffer and gently transferred to an interface slice chamber (Medical Systems, Greenvale, NY). Here, the slices were maintained in an atmosphere of humidified 95% 02-5% CO1 and superfused with 35°C artificial cerebrospinal fluid ( ACSF) at a rate of 1 ml/min. The ACSF was saturated with 95% 02-5% CO1 and had the same composition as the dissection buffer, except that kynurenate was omitted. Kynurenate was included in the dissection buffer to prevent any toxicity caused by excitatory amino acid release from the tissue during cutting. During the equilibration period in the slice chamber, any traces of kynurenate were washed away.
Stimulation, recording, and data analysis
After 21 h of equilibration in the slice chamber, a concentric bipolar stimulating electrode was placed at the white matter-layer VI border, and an extracellular recording electrode was placed in cortex (Fig. I ) . The recording pipette was filled with either 1 M NaCl or 10 mM BMI in 1 M NaCl (impedance -1 MO). FPs were evoked with the use of 15-to 1 50-PA stimuli of 0.2 ms duration. These FPs were digitized at 20 kHz and stored on an AST 386 IBM-compatible computer with the use of Experimenter's Workbench (Brain Wave Systems, Boulder, CO). The FPs were analyzed both on-and off-line. Two parameters were extracted as measures of the magnitude of the response: the maximum negativity of the FP and the FP area below baseline ( At the start of each experiment, a full input-output curve was constructed. A stimulation intensity was selected for baseline measurements that yielded between one third and one half of the maximal response. The absolute magnitude of this response varied from slice to slice, presumably because of differences in the planes of section (i.e., differences in the density of radially oriented fibers contained within the plane of the slice). In addition, the FPs recorded with the BMI-filled pipettes varied in amplitude depending on the tip diameter. However, in the LTP experiments described here, the average baseline response was -300 pV evoked with a stimulation intensity of -45 PA.
Baseline measurements were collected with the use of single shocks every 30 s. The conditioning stimulation used to induce LTP consisted of 5 "theta bursts" ( Larson and Lynch 1986) delivered at 0.1 Hz. Theta bursts consist of 10 stimulus trains delivered at 5 Hz; each train consists of four pulses at 100 Hz (pulse intensity was the same as for baseline; pulse duration was doubled to 0.4 ms).
Statistical analysis
The magnitude of visual cortical LTP often is rather low in comparison with the variability in the baseline response. Because one of our aims was to determine whether LTP could occur under different experimental conditions, we sought a statistical test that would help us to decide for each experiment that any change in the response was due specifically to the conditioning stimulation rather than to a linearly drifting baseline. An F test proved to be most useful. This test, illustrated in Calculate:
Compare F * to F (2, n-4); reject null hypothesis if F * > F.
FIG. 2.
Statistical test used to assess significance of potentiation in each experiment. The test compares an estimate of variance of all the data fit to a single linear regression (reduced model) to an estimate of the variance of pre-and postconditioning data fit to separate regressions (full model). The greater the difference between these estimates of variance, the greater the confidence level that the observed changes were due specifically to the conditioning. The level of confidence could be determined by comparing F* value to a table of F( 2,n-4). SSE: sum of squares (error). more confident we could be that the observed changes were due specifically to the conditioning. The level of confidence could be determined by comparing the F* value as calculated in Fig. 2 with a table of F( 2,n-4). According to our operational definition, potentiation occurred only if the 99% confidence level was exceeded for either FP maxima or areas. We note that these statistical decisions were in close agreement with the more subjective determinations made by the investigators after careful inspection of the data.
RESULTS
Characterization of the evokedJield potential recorded with NaCl-jilled pipettes Bipolar electrical stimulation of the white matter-layer VI border elicits extracellular FPs in visual cortex, the characteristics of which vary systematically according to three parameters: the stimulation intensity, the distance from the pia to the recording location (depth), and the lateral distance from the cortical column that is radial to the stimulus location (Fig. 3) .
Variation of the response with eccentricity was determined by moving the recording electrode laterally at a fixed depth in relation to the stimulating electrode. Invariably, a maximal response could be found that decreased sharply in amplitude as one moved away from it in either direction (Fig. 3C) . In the present study, the electrode was always positioned to yield the maximum "on-line" response. Field potentials were characterized by a negativity the amplitude and latency of which varied as a function of electrode depth. With increasing distance from the pia, the latency of this negative potential consistently decreased, and the amplitude reached a maximum between 300 and 600 pm depth, corresponding to cortical layer III (Fig. 3,A and  B) . The latency of the maximum negative field potential was -7 ms. Care was always taken to position the electrode at the depth yielding the maximum response so that we could interpret a change in the FP as a change in a layer III current sink (Mitzdorf 1985) .
At recording depths 2400 pm, the negative FP often appeared to be biphasic, with an early peak at ~2.5 ms. (Fig.  3A, b) . To determine which of the components of the FP were dependent on synaptic excitation, we bath-applied the broad-spectrum excitatory amino acid receptor antagonist kynurenate (Fig. 4) . This treatment had no effect on the early negative potential (latency <3 ms) but completely abolished the later components of the FP. We therefore interpret the amplitude of the FP with latency >3 ms as a measure of the effectiveness of synaptic transmission mediated by excitatory amino acid receptors. The early component of the FP is likely to reflect the orthodromic fiber volley or possibly the antidromic activation of cortical neurons (e.g., Kimura et al. 1989) .
To assess what fraction of the synaptic FP depends on activation of the NMDA subtype of excitatory amino acid receptors, 100 PM D,L-APS was bath-applied. Under these recording conditions (standard ACSF; recording with a NaCl-filled pipette), AP5 treatment had no effect on the FP evoked either by single shock stimuli (Fig. 4 B) or by highfrequency trains of stimuli (data not shown). These results indicate that electrical stimulation under these conditions does not recruit an NMDA receptor-mediated synaptic conductance.
Bath application of the GABA, receptor antagonist BMI at concentrations between 0.5 and 1 .O PM usually increased the amplitude of the synaptic FP. However, the most typical characteristic of BMI treatment was the emergence of a late shoulder on the FP (Fig. 4C) . Sometimes this late component appeared as a distinct peak with a latency of -12 ms, but often it appeared simply as a broadening of the FP. Interestingly, application of 100 PM AP5 eliminated this late component, usually without affecting the maximum amplitude of the FP (Fig. 40) . Accordingly, a consistent observation in experiments where BMI was used was that \/ I FIG. 3. Effects of recording position on evoked field potential. A: superimposed field potentials recorded at different distances from pia. Each trace is a single sweep. Note that maximum negative field potential occurred at -400 r.i below pia. Also note that at depths >400 p a distinct, early negative potential appears (b ). B: depth profile of relative field potential amplitude. Note that maximum negativity occurs in cortical layer III (as confirmed histologically). C: effect of recording eccentricity on relative field potential amplitude. Note that response magnitude falls by about half as electrode is moved 0.5 mm lateral to the position radial to stimulating electrode. AP5 substantially reduced measures of FP area but had no effect on measures of FP maxima.
Field potentials recorded with BMI--filled pipettes
In pilot experiments on visual cortical slices that were untreated with BMI (Connors and Bear 1988), we were able to induce a lasting change in the cortical FP with conditioning stimulation only once in over two dozen attempts.' The lack of success in these experiments may be due to the fact that, under these conditions, NMDA receptors do not contribute to the cortical response (Fig. 4 B) .
Indeed, bath application of 0.8-1.2 PM BMI, which leads to the recruitment of NMDA receptors during synaptic activation, also greatly increases the likelihood of LTP induction. However, as mentioned in INTRODUCTION, the probability of success even under these conditions is still disapi In these experiments, many different types of conditioning stimulation were tried, including the theta-burst conditioning that we show here can be effective in conjunction with the BMI pipette method. In the one successful case where BMI was not present, the cortical FP exhibited after-discharges, suggesting that inhibition may have been compromised.
In our experiments, the electrode tip was progressively broken (by lowering it into the filter paper on which the slices rested) until a response resembling that in Fig. 5B theta bursts were delivered, and then the collection of data every 30 s was resumed. The responses were depressed imWe therefore sought a method that would allow for mediately after the theta bursts and then gradually inhigher concentrations of BMI around the tip of the recording electrode without leading to the development of epilepcreased to potentiated levels over the next 5 min. The avertiform activity. Such a method was recently introduced by ages of 10 sweeps taken before conditioning and at two time Steward et al. ( 1990) . They showed that a stable, local points after conditioning are shown in Fig. 6B . Note that blockade of inhibition could be achieved by filling the rethe change in the FP was manifest as an increase in the cording pipette with concentrated BMI. By the use of this amplitude of the peak at -6 ms and in a broadening of the method, these authors were able to demonstrate potentiafield at longer latencies.
tion in a pathway (the dentate commissural pathway) that
That the case in Fig. 6 is representative of the group as a whole is demonstrated in the average of 12 different experiwas otherwise incapable of exhibiting it. We adapted their merits in Fig. 7 . Note the characteristic depression of the method to visual cortical slices in the hopes of increasing our probability of inducing LTP. response immediately after the tetanus, followed by a gradual-increase in the response over the next 5 min. Typically, Figure 5 illustrates the difference in FPs recorded at the same location with a NaCl-filled pipette versus a pipette filled with 10 mM BMI. The general characteristics of the the maximum potentiation was observed between 5 and 10 min postconditioning.
It was difficult to establish the maximum duration of the potentiation with any confidence beresponse when the BMI-filled pipette was used closely re-cause the elevation of the response was usually modest relasemble those observed after bath application of BMI, namely, an increase in the peak negativity and the emergence of a late shoulder with a latency of -12 ms. To get a response of this type, it was usually necessary to break the tive to the response variability and could be obscured by drifts in the baseline. Nonetheless, there were several cases where the potentiation very clearly lasted for ~60 min. We defined a change as "LTP" if a comparison of the data collected between 5 and 20 min after the tetanus with the data collected 15 min before the tetanus revealed a signifitip slightly. However, breaking the tip too much led to excessive broadening of the FP and to after-discharges, presumably because of the excessive spread of the bicuculline. cant increase when the F test was used (see MATERIALS AND time from tetanus METHODS and Fig. 2 ). According to this definition, we successfully induced LTP in 14 of 17 attempts ( 82% ) .
E&cts of AP.5 on LTP induction
In eight experiments, the NMDA receptor antagonist AP5 was bath-applied, and attempts were made to induce LTP with the use of the BMI-pipette method. Considered as a group, the AP5 cases clearly differed from controls. Figure  8 plots the mean (+SEM) percentage change in the field potential measured 10 min after conditioning stimulation for all cases (significant and otherwise) in the control group (n = 17) versus all cases in which 100 PM AP5 was present during the conditioning (n = 8). The average change in the control group for FP maxima and areas was 118.6 t 3.6 and 12 1 .O t 4.2%, respectively, versus 102.5 t 3.7 and 97.0 t 4.9%, respectively, for the AP5 group. These differences between groups are significant at P < .O 1 (t test).
These averages, however, obscure considerable heterogeneity in the AP5 group. Although half the AP5 cases showed no significant change after conditioning, as assessed using the F test, two cases showed a clear potentiation, and two cases were actually slightly, but significantly, depressed.
An example of LTP in the presence of 100 PM AP5 is shown in Fig. 9 . In this experiment, baseline measurements were first made with the use of a BMI-filled pipette in stan- Pre-tetanus Post-tetanus Superimposed dard ACSF, and then the AP5 was introduced into the superfusate. As expected, the AP5 eliminated the late gives us confidence that the AP5 was successfully introshoulder on the FP without affecting the peak negativity duced into the system. After waiting for the baseline to sta- ( Fig. 9,A and B) . This characteristic decrease in FP area bilize, the standard theta burst conditioning stimulation was delivered. As can be seen from the experiment record in . 9A , the tetanus produced a clear potentiation of both FP maxima and areas that closely resembles that seen under control conditions. Average records of FPs collected before and after the tetanus are presented in Fig. 9C .
This rather unexpected finding naturally leads to the question of how completely blocked visual cortical NMDA receptors are by 100 PM D,L-AP~. To address this issue, we took advantage of the fact that treating slices with 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX) in ACSF containing 0 Mg2+ reveals an FP that reflects almost exclusively the activation of NMDA receptors (Davies et al. 1989; Goldman et al. 1990 ). This peculiar FP arises because I) the blockade of non-NMDA receptors with CNQX also blocks feed-forward inhibition in the cortex and 2) the low extracellular [ Mg2+] eliminates the voltage dependence of the NMDA receptor conductance. We used this preparation to assess the effectiveness of AP5 as an NMDA receptor antagonist. Figure 1OA shows average FPs collected in standard (Control) ACSF and in ACSF containing 0 Mg2+ with 20 PM CNQX. Note that the characteristic negative peak at -6 ms disappears and is replaced with multiple peaks at 28 ms. Also note that the early kynurenate-insensitive peak (latency <3 ms) becomes clearly visible. The components of the FP with latency >3 ms show a marked sensitivity to bath-applied AP5 (Fig. 1 OB) . The dose-response curve of this case is shown in Fig. 1 OC and is representative of three different experiments. At a concentration of 50 PM AP5, the FP is reduced to the level of the noise. These data can be compared to the theoretical curve assuming a single binding site and a & of 1.6 PM (Goldman et al. 1990 ). This comparison (Fig. lOC, insert) suggests that NMDA receptors in visual cortex are >98% blocked by 100 PM D,L-AP~.
DISCUSSION
The main findings of this study. on slices of kitten striate cortex are I) that LTP of layer III field potentials can be reliably induced, provided that GABA, inhibition is blocked locally at the site of recording; 2) that blockade of NMDA receptors significantly reduces the probability and average magnitude of LTP; but 3) that activation of NMDA receptors is not always an obligatory step in the induction of this form of synaptic plasticity.
Use of FPs as a measure of synaptic eflectiveness
FPs are a complex measure of the summed ionic currents evoked in the cortex during synchronous synaptic activation. However, because care was always taken to record from the cortical depth yielding the maximum negativity, we can be confident that we were studying a current sink (Cauller and Kulics 199 1; Mitzdorf 1985) . Indeed, the current-source density analysis of Bode-Greuel et al. ( 1987 ) in slices of kitten striate cortex confirms that we were recording a prominent current sink in layer III.
Evidently, in the absence of BMI, this layer III current sink reflects mostly the activation of non-NMDA excitatory amino acid receptors. This conclusion is drawn from the fact that kynurenate abolishes the FP, whereas AP5 has no effect. Thus the magnitude of the layer III FP can be taken as a measure of a "population"
excitatorv postsvnaptic current, probably mediated by non-NMDA EAA receptors.2 In accordance with this interpretation, simultaneous FP and intracellular recording from layer III shows that the peak negativity in the FP at -6 ms closely correlates with the maximum rate of rise in the intracellular excitatory postsynaptic potential (EPSP) (A. Kirkwood and M. F. Bear, unpublished) .
It could be argued that intracellular recordings of layer III EPSPs would have been a better method for studying synaptic plasticity. For the aims of the present study, however, FPs had a number of advantages. Besides the long-term stability of the FP, this response also reflects the summed synaptic activation of neurons with dendrites in layer III without regard to the location of their cell bodies. Single cell recordings will be of more utility for addressing subsequent questions, such as the intracellular mechanisms that are triggered by tetanic stimulation.
Eflects of bicuculline on cortical field potentials and LTP
In contrast to the effects of electrical stimulation on slices bathed in standard ACSF, natural stimulation of the visual cortex in vivo always recruits both NMDA and non-NMDA receptor-mediated synaptic conductances in layer III (Fox et al. 1990) . NMDA receptor-mediated currents can be recruited in vitro, however, if GABA, inhibition is partially reduced (Artola and Singer 1990; Herron et al. 1985 ) . Thus there appears to be some reasonable justification for the use of BMI in slice experiments if the aim is to try to model the responses usually evoked in vivo.
In this paper, we have adapted the method of Steward et al. ( 1990) to apply BMI focally to the recording site in layer III. The FP recorded under these conditions has the characteristics expected from bath-applied BMI, particularly the recruitment of a longer-latency, AP5-sensitive component (Fig. 5) . The primary advantage of this method is that the GABA receptor blockade is local, so that unwanted network activity (Chagnac-Amitai and Connors 1989) is not recruited by synaptic activation. Although we do not know the extent of the spatial spread of BMI when this method is used, appreciable concentrations of bicuculline are probably restricted to the supragranular layers, because focal applications of the drug to layers IV and V can cause epileptiform responses (Connors 1984) that were not observed in these experiments.
We find, when this method of BMI application is used, that brief tetanic stimulation reliably yields a lasting increase in the layer III FP (Figs. 6 and 7) . In the present study, we successfully induced LTP in >80% of our attempts. The increase in FP amplitude in these cases suggests an increase in the layer III synaptic current sink. Indeed, preliminary work indicates that LTP of the FP always correlates with an increase in the amplitude of the EPSP recorded simultaneously in layer III neurons (A. Kirkwood and M. F. Bear, unpublished) .
Thus potentiation of the layer III field potential can be interpreted as reflecting an increase in the effectiveness of the excitatory synapses activated by the electrical sti mulation of the white matter. However, from our data, we cannot conclude that the plasticity occurs at layer III synapses; it remains possible that what we observe in layer III is a reflection of a modification occurring at earlier synaptic relays (cf. Sutor and Hablitz 1989) .
That cortical inhibition must be reduced to elicit LTP has implications about the mechanism of its induction. Two known consequences of BMI treatment in neocortical slices are a prolongation of the EPSP recorded intracellularly and the activation of a greater number of neurons in response to afferent stimulation (Connors et al. 1988 ). Taking these effects into account, the evidence strongly suggests that induction of LTP in kitten striate cortex requires postsynaptic depolarization beyond some threshold level. From what is known about LTP in other locations, particularly the CA 1 subfield of hippocampus, these considerations point to an involvement of NMDA receptors in the induction of cortical LTP. Indeed, our pharmacological studies confirm that a significant NMDA receptor-mediated conductance is activated by when network inhibition is reduced.
afferent stimulation
Involvement of NfifDA receptors in the induction of LTP in kitten striate cortex Our data indicate that, on average, there is no change in the magnitude of the response after conditioning stimulation when cortical NMDA receptors are blocked (Fig. 8) . It is tempting to conclude from these results that in kitten visual cortex, activation of NMDA receptors is necessary for induction of use-dependent increases in synaptic strength. However, the average data obscure the fact that in two of eight cases it was possible to induce significant LTP in the presence of 100 PM D,L-APT In these experiments, we believe that NMDA receptors were blocked for three reasons: I) introduction of the drug invariably caused a decrease in FP area, indicative of NMDA receptor blockade; 2) control experiments employing CNQX and 0 Mg2+ showed that the APS-sensitive response was completely abolished by concentrations 250 PM; and 3) similar functional assays performed by other investigators confirm that 100 PM D,L-APS is sufficient to produce a maximal (>98%) blockade of synaptically activated NMDA receptors, even during high-frequency stimulation (Goldman et al. 1990; Grover and Teyler 1990; Komatsu et al. 199 1) . Thus the observation of LTP in the presence of AP5 can be taken as evidence that NMDA receptor activation is not always necessary for induction of this form of plasticity in kitten striate cortex.
An interpretation that is consistent with our data is that visual cortical LTP requires a threshold level of postsynaptic depolarization during the tetanus that is more easily achieved when NMDA receptors are activated. Viewed in this way, the NMDA receptors may serve to promote the potentiation of active synapses mainly by boosting the postsynaptic depolarization.
Comparison with other studies of visual cortical LTP able conclusions.
For example, Komatsu and colleagues originally reported induction of LTP in slices of kitten striate cortex without the use of a GABA receptor antagonist (Komatsu et al. 1988; Komatsu et al. 198 1) . However, the conditioning consisted of 1 h of supramaximal stimulation at 2 Hz. This produced a potentiation of the layer III FP that slowly developed over the I-to 2-h period after conditioning.
Similarly, Perkins and Teyler ( 1988) and Berry et al. ( 1989) successfully used 10 min of 2-Hz conditioning stimulation to induce LTP in slices of immature rat visual cortex without bicuculline.
These findings of LTP without partial GABA receptor blockade are at odds with our own experience and that of several other labs ( Artola and Singer 1987, 1990; Kimura et al. 1989) . In the studies of Komatsu et al. ( 198 1, 1988) it seems possible that this very prolonged period of stimulation served to achieve the same ends as bicuculline by fatiguing inhibition (Thompson and Gahwiler 1989) . Furthermore, the studies by Teyler and colleagues were performed on submerged slices in a "static pool", which may not be an optimal condition for maintaining cortical inhibition. In any case, the general consensus appears to be that reducing inhibition usually facilitates the induction of LTP with brief periods of tetanic stimulation.
Indeed, in the most recent study by Komatsu et al. ( 199 1 ) , 1 PM BMI was routinely employed.
More central to the aims of the present study, however, is the issue of NMDA receptor involvement in visual cortical LTP. Artola and Singer ( 1987) were first to address this question in slices of adult rat visual cortex by the use of intracellular recording methods. They reported that when 25 PM D,L-AH was bath-applied, conditioning stimulation failed to elicit LTP in the four neurons studied. Similarly, Kimura et al. ( 1989) found that, in slices of immature rat visual cortex bathed in 25-50 PM D,L-AP$ LTP of layer III FPs could be induced only once in 12 attempts ( -8%). This compares with a success rate of 52% under normal conditions. Together these data led these authors to conclude that NMDA receptor activation is necessary for the induction of LTP in the visual cortex. This conclusion is contradicted by the work of Komatsu et al. ( 199 1) on slices of kitten striate cortex. They used 15 min of supramaximal stimulation at 2 Hz to induce LTP in EPSPs recorded intracellularly in layer III neurons. In the presence of 1 PM BMI, they report that LTP of the early component of the EPSP occurred with a success rate of -54% ( 7/ 13 cells). One hundred micromolar AP5 had no effect on the probability or magnitude of the LTP; potentiation was still induced in 8 of 13 cells ( -62%).
Thus these authors conclude that LTP does not require activation of N MDA receptors during the This discrepancy between 1 conditioning stimulation .abs could be explained by ties differences or by differences in the ages of the animals when the slices were prepared. However, our data suggest that the key difference might lie in the types of conditioning stimulation used to elicit LTP. Artola and Singer ( 1987) used brief bursts of 50-Hz stimulation and 0.5 PM BMI; Kimura et al. ( 1989) 
